To evaluate the mechanism of paradoxical septal motion in patients with right ventricular volume overload (RVVO), short axis cross-sectional, echocardiographic studies of the left ventricle (LV) and interventricular septum (IVS) were performed in 19 patients with paradoxical septal motion due to RVVO and in 20 normal subjects. Short axis study in normal subjects revealed the left ventricle to be a relatively circular structure during both diastole and systole. In patients with RVVO a change in LV diastolic shape was observed. This change in shape varied from a slight flattening of the SEVERAL AUTHORS have noted abnormal motion of the interventricular septum in patients with volume overload of the right ventricle. Abnormal systolic anterior motion of the interventricular septum was initially reported by Popp et al.' and then repeated by Diamond et al.2 using M-mode echocardiography. Meyer confirmed these observations in children and suggested that the abnormal motion was due to posterior displacement of the septum by an enlarged right ventricle, which during systole permitted net anterior motion of the septum because the stroke volume of the right ventricle exceeded that of the left.3 Kerber produced abnormal septal motion in dogs by surgically creating left to right atrial shunts. Abnormal septal motion was noted to occur at shunt flows as low as 500 cc/min and to resolve following acute cessation of the right ventricular volume overload.' Hagan, using a two-dimensional multicrystal echocardiographic technique, suggested that the abnormal motion of the interventricular septum was due to a downward shifting of the normal hinge point between anterior aortic motion and posterior contraction of the ventricular wall.a Popio, in a combined cineangiographic-echocardiographic study, observed anterior motion of a segment of the interventricular septum during the initial portion of systole in ten of 12 patients with atrial septal defect.6
SUMMARY To evaluate the mechanism of paradoxical septal motion in patients with right ventricular volume overload (RVVO), short axis cross-sectional, echocardiographic studies of the left ventricle (LV) and interventricular septum (IVS) were performed in 19 patients with paradoxical septal motion due to RVVO and in 20 normal subjects. Short axis study in normal subjects revealed the left ventricle to be a relatively circular structure during both diastole and systole. In patients with RVVO a change in LV diastolic shape was observed. This change in shape varied from a slight flattening of the SEVERAL AUTHORS have noted abnormal motion of the interventricular septum in patients with volume overload of the right ventricle. Abnormal systolic anterior motion of the interventricular septum was initially reported by Popp et al. ' and then repeated by Diamond et al.2 using M-mode echocardiography. Meyer confirmed these observations in children and suggested that the abnormal motion was due to posterior displacement of the septum by an enlarged right ventricle, which during systole permitted net anterior motion of the septum because the stroke volume of the right ventricle exceeded that of the left. 3 Kerber produced abnormal septal motion in dogs by surgically creating left to right atrial shunts. Abnormal septal motion was noted to occur at shunt flows as low as 500 cc/min and to resolve following acute cessation of the right ventricular volume overload. ' Hagan, using a two-dimensional multicrystal echocardiographic technique, suggested that the abnormal motion of the interventricular septum was due to a downward shifting of the normal hinge point between anterior aortic motion and posterior contraction of the ventricular wall.a Popio, in a combined cineangiographic-echocardiographic study, observed anterior motion of a segment of the interventricular septum during the initial portion of systole in ten of 12 patients with atrial septal defect. 6 During the course of cross-sectional echocardiographic studies of normal patients, we have noted that the left ventricle examined in the short axis presentation is a relatively round structure. During systole in normal subjects there is symmetrical inward motion of the ventricular walls, maintaining the circular contour of the ventricle. We reasoned that it is impossible for one wall of a circular structure to move in a direction opposite its center of curvature during LV and IVS during diastole to total reversal of the normal direction of septal curvature such that the IVS became concave toward the RV and convex toward the LV. During systole the LV and IVS returned to their normal relatively circular configuration. This change in LV shape from diastole to systole resulted in net motion of the IVS toward the right ventricle (paradoxically). This study therefore suggests that paradoxical septal motion in patients with right ventricular volume overload is a result of a change in the diastolic shape of the left ventricle.
contraction. In order for the interventricular septum in patients with right ventricular volume overload to move away from the posterior left ventricular wall during systole, some change in the normal configuration of the left ventricle must have occurred. To evaluate this hypothesis, short axis cross-sectional or two-dimensional echocardiographic studies of the left ventricle were performed in a group of patients with volume overload of the right ventricle caused by a variety of lesions. All of these patients exhibited abnormal motion of the interventricular septum on M-mode echocardiography.
Materials and Methods Short axis, cross-sectional echocardiographic studies of the left ventricle were performed in 19 patients with volume overload of the right ventricle. There were ten females and nine males, average age was 29 years (range 4 to 52 years). These included 11 patients with atrial septal defect (seven with ostium secundum defects and four with ostium primum defects); five patients with tricuspid insufficiency (associated with mitral stenosis and pulmonary hypertension in three cases and in the other two cases occurred as an isolated lesion); and three patients with pulmonary insufficiency (one secondary to pulmonary valvulotomy, one following pulmonic valve removal as a result of an unsuccessful valvulotomy, and one with pulmonary insufficiency secondary to idiopathic dilatation of the pulmonary artery). Diagnosis in each case was established by routine cardiac catheterization and cineangiographic techniques. In patients with atrial septal defects ratio of pulmonary to systemic flow (Q,/Q,) averaged 3:1 (range 1.8:1 to 4:1). Short axis, cross-sectional studies in these patients were compared with similar studies in a group of 20 normal subjects. There were 18 males and two females. Ages ranged from 5 to 34 years, mean 26 years. Cardiac catheterization was not performed.
Cross-sectional echocardiographic examinations were performed using a mechanical sector scanner developed in conjunction with the Fortune Fry Research Laboratories at Indiana University. This device consisted of a modified Ekoline 20 echograph with a pulse repetition rate of 4.5 Voi 54, No 2, AUGUST 1976 kc/sec. The scanner probe contained a 2.25 or 3.5 MHz transducer mechanically driven through a 300 sector at a variable rate of from 0 to 30 cycles/sec. This system was routinely operated at a frame rate of approximately 40 frames/sec (20 cycles/sec) which yielded a line density of approximately 120 lines/frame. The images thus produced were photographed using a standard portable television camera GBC-CTC-6000 and recorded on 1/2 inch video cassettes using a Sanyo VTC-7100 cassette recorder. Cross-sectional images could be viewed in real-time during the examination or subsequently from video tape in a realtime, slow motion or single frame format. Individual frames were converted to a hard copy display using either a video scan converter and a modified Honeywell 1856 strip chart recorder or by photographing the images directly from a television monitor with a standard Polaroid photographic system. An R wave triggered electronic counter superimposed on the upper right hand corner of each frame permitted timing of the individual frames within the cardiac cycle to 100th of a second. Further details of this system have been previously reported.7 10 Cross-sectional echocardiographic studies were performed with patients in a supine or left lateral position. The sweep of the cross-sectional probe was aligned with the plane of the scan perpendicular to the long axis or parallel to the short axis of the left ventricle. Figure 1 illustrates the relationship of the 300 scan to the left ventricle. As illustrated by this figure, it is frequently impossible to encompass the entire left ventricle in one 300 scan. As a result, the medial and lateral walls must often be examined separately. In normal subjects the scan plane was assumed to be parallel to the short axis of the left ventricle at a point where the ventricular cavity assumed its most circular shape during both systole and diastole. In patients with right ventricular volume overload a circular configuration could be achieved only during the systolic portion of the cardiac cycle and as a result the probe was adjusted so that the configuration of the A B left ventricular cavity was as circular as possible during this segment of the cycle.
Results

[he Normal Left Ventricle
The normal left ventricle appears on short axis crosssectional study as two circular concentric echoes. The outer echo is produced by the left ventricular epicardium while the inner echo occurs at the endocardial-blood interface. The space between these two echoes is therefore occupied by the left ventricular myocardium. At the junction of the left and right ventricular free walls the epicardial or outer echo becomes continuous with the echo from the right side of the interventricular septum while the endocardial echo is continuous with the echo from the left side of the septum. In this projection the normal ventricle appears as a circular or relatively circular structure with its center of curvature within the cavity of the left ventricle. During ventricular contraction both the endocardial and epicardial echoes move symmetrically inward toward this center of curvature with a resultant reduction in the size of the ventricular cavity. The endocardial echo moves further than the epicardial echo increasing the separation between these echoes and reflecting systolic wall thickening. Figure 2 is a cross-sectional study demonstrating the normal configuration of the left ventricle, curvature of the interventricular septum, and direction of wall motion during contraction. Figure 3A is an M-mode echocardiogram of the left ventricle of a normal subject. This recording illustrates the normal systolic contraction pattern of the interventricular septum and posterior wall as it appears in a single dimensional view. Figure 3B is a diagram constructed from a short axis cross-sectional study of a normal patient by outlining the left ventricular endocardial surface at the five points in the cardiac cycle from 3 FIURE 1. Diagram illustrating the relationship of a 30' arc sector scan to the left ventricle and the area encompassed by the scan. The left hand panel is a diagram of the ventricle in a long axis projection and illustrates the portion of the ventricle transected by the plane of the short axis scan. The right hand panel illustrates the appearance of the heart in a short axis presentation. As this figure demonstrates it is generally not possible to include both the left and right ventricular cavities in a single 300 scan. This diagram depicts the normal relatively round appearance of the left ventricle on the cross-sectional scan. MV mitral valve, TV tricuspid valve, RV= right ventricle, AO aorta, LA left atrium, LV left ventricle. end diastole (circle #1) to end systole (circle #5). This diagram illustrates the normal relatively concentric inward motion of the left ventricular endocardium. During the contraction sequence the geometric center of the left ventricle is observed to move anteriorly. The apparent difference in degree of contraction between anterior and posterior walls is felt to reflect anterior motion in space of the left ventricle rather than actual differences in amplitude of contraction. All 20 normal subjects exhibited echocardiograms similar to those illustrated in figures 2 and 3.
Right Ventricular Volume Overload with Paradoxical Septal Motion
In each of the 19 patients evaluated in this study a marked change in the diastolic shape of the left ventricle occurred. This change in configuration was confined mainly to the interventricular septum and ranged from a slight flattening of the normal curvature of the septum to a complete reversal of the direction of curvature such that the septum became concave toward the right ventricle and convex toward the left ventricle.
During systole the left ventricle reassumed a normal or relatively normal circular shape. This change in shape of the left ventricle and interventricular septum from flattened or inverted to normal resulted in a net motion of the septum away from the normal center of curvature in the left ventricle and toward the anterior chest wall and right ventricle (paradoxical). Figure 4 is a cross-sectional recording from a patient with an atrial septal defect. Figure 4A is a diastolic recording which illustrates a decrease in the radius of curvature of the interventricular septum and flattening of the entire left ventricle. Figure 4B illustrates the more circular systolic configuration of the left ventricle. This change in configuration of the left ventricle from an oblique to a more circular shape results in a net motion of the interventricular septum in an anterior or paradoxical direction. the interventricular septum inward toward the left ventricle producing flattening of the left ventricle. The septum appears to form a portion of the right ventricular wall. With systole there is a return of the left ventricle to circular shape FIGURE 6 . A ]urther extension of the spectrum of diastolic shape of the left ventricle. During diastole there is an actual reversal ofthe normal curvature of the interventricular septum such that the septum is concave toward the right ventricle and convex toward the left ventricle. With systolic contraction the direction ofcurvature of the septum reverses to a normal configuration with the septum then becoming concave toward the left ventricle and convex toward the right ventricle. The shift in direction of curvature of the interventricular septum again results in net motion of the septum anteriorly or toward the right ventricle.
with net motion of the interventricular septum anteriorly toward the right ventricle. In Figure 6 a portion of the septum has become inverted during diastole. The septum appears to bend inward toward the left ventricle and away from the right ventricle. During systole there is a total shift in the direction of curvature of the interventricular septum such that at end systole the septum curves inward toward the right ventricle and away from the left ventricle, with the center of curvature shifting from the right ventricular cavity to the left ventricular cavity. Figure 7 is the most striking demonstration of this phenomenon observed in this group of patients. Figure 7A , recorded at end diastole, demonstrates marked inward bending of the interventricular septum toward the left ventricle such that the left ventricular cavity assumes a half-moon shape. Figure 7B , recorded during systole, shows a return to the normal circular shape of the left ventricle. This change in shape from diastole to systole results in a marked anterior motion of the interventricular septum.
The sequence of contraction which results in the left ventricle reassuming its normal circular configuration during systole varied from patient to patient and was frequently complex. Figure 8 contains an M-mode echocardiogram from a patient with a large atrial septal defect. Initial systolic septal motion in this case is anterior, toward the chest wall, and away from the posterior left ventricular wall (paradoxical). During the latter part of systole the interventricular septum moves posteriorly toward the posterior wall resulting in the septum reaching its most posterior systolic position at a time corresponding to mitral valve opening (end systole). The line drawing in figure 8 illustrates the contraction sequence observed during cross-sectional study of the left ventricle in this case. At end diastole (circle #1) the left ventricle has a relatively oblong or flattened shape. At the onset of systole (circles 2 & 3) there is inward contraction of the medial, lateral, and posterior left ventricular walls along with marked anterior motion of the inter- cw 183 VOL 54, No 2, AUGUST 1976 dent. Diagram from the cross-sectional study of this patient (right) reveals a change in the diastolic shape of the left ventricle (circle #1). During systole (circle #4) the left ventricle reassumes a more normal circular configuration which results in a net anterior motion of the interventricular septum. This figure demonstrates the reason for some of the variability in septal motion which may be observed in M-mode recordings of patients with right ventricular volume overload. If the M-mode beam were directed through the medial portion of the left ventricle, which is at the left in the line drawing, then very prominent paradoxical septal motion would be observed. If the M-mode beam were directed toward the more lateral portion of the ventricle, depicted to the right of the diagram, then absence of septal motion or even normal motion might be observed. Figure 10 is an M-mode recording from a second patient with pulmonary insufficiency. In this case very prominent paradoxical septal motion was evident. In portions of this recording the endsystolic diameter of the left ventricle actually exceeded the corresponding end-diastolic dimension. The diagram to the right again illustrates the contraction sequence of the left ventricle from end diastole to end systole observed on crosssectional study. In this case in addition to the marked change in shape of the left ventricle from end diastole to end systole, there is also prominent anterior motion of the left ventricle itself. It can be appreciated that because of the change in shape of the left ventricle if the M-mode beam were to pass through the ventricular cavity in the area indicated by the dotted line, then in fact the end-systolic dimension of the ventricle would appear to exceed the enddiastolic dimension. The changes in diastolic shape observed in these patients RV-RS L, EP were most pronounced at the base of the heart and became less obvious as the scan plane approached the ventricular apex. Frequently a normal ventricular shape and contraction sequence was maintained in the apical portion of the ventricle ( fig. 11 ). Specific hemodynamic and echocardiographic data for the individual patients are contained in table 1.
Discussion
This report indicates that a major component of the paradoxical motion of the interventricular septum in patients with volume overload of the right ventricle is due to a change in the configuration of the left ventricle and interventricular septum during diastole. The change in configuration varies from a slight flattening of the interventricular septum and left ventricle to a complete reversal of the normal direction of curvature of the septum. During ventricular systole, the left ventricle returns to its normal relatively circular shape. This change in shape from diastole to systole results in a paradoxical net motion of the septum anteriorly toward the right ventricle.
By further explaining the mechanism of paradoxical septal motion, these cross-sectional echocardiographic observations clarify a number of previous observations in this area. It is clear that the dilated right ventricle not only displaces the interventricular septum posteriorly during diastole as suggested by Meyer et al.,3 but also changes the shape of the septum and left ventricle. Further, although vigorous contraction of the right ventricle does appear to contribute in some cases to the anterior systolic motion of the septum, the major factor causing paradoxical septal motion appears to be the change in ventricular shape from diastole to systole. The more prominent change in ven-4 Is FIGURE 10 . A recording from a second patient with pulmonary insufficiency. The diagram to the right again illustrates the contraction sequence of the left ventricle from end diastole to end systole observed on cross-sectional study.
CIRCULATION
MECHANISM OF SEPTAL MOTION WITH RVVO/Weyman et al. FIGURE 11 . This figure diagrammatically illustrates the change in direction and curvature of the interventricular septum at the base of the heart compared to the apex. During the study it was observed that the change in septal and left ventricular configuration was much more prominent at the base of the heart and gradually diminished as the apex was approached. tricular shape at the base of the heart and tendency to return to a normal shape and contraction pattern at the apex is consistent with the long axis studies of Hagan et al.5 using the multicrystal approach to cross-sectional echocardiography. These authors noted that the normal hinge point between systolic anterior and posterior septal motion was shifted toward the apex in patients with atrial septal defect. Thus, the change in ventricular shape which is observed during short axis study appears as a shift in the position of the hinge point on long axis study. When the normal circular shape of the ventricle is reassumed in early systole as in figure 8 , normal contraction sequence may follow with late systolic posterior or normally directed motion of the interventricular septum. This is consistent with the angiographic observations of Popio et al. It follows that if the anterior motion of the septum produced by the change in ventricular shape is balanced by the posterior motion of the septum resulting from contraction, no net septal motion will occur. This will be reflected on the M-mode recording as an absence of septal motion with only septal thickening being evident.
In addition to clarifying the mechanism of paradoxical septal motion, these observations offer some insight into the functional interaction of the left and right ventricles in patients with right ventricular volume overload. In particular, patients with atrial septal defects are known to have decreased left ventricular end-diastolic volume and diminished cardiac output.6 [11] [12] [13] Encroachment of the interventricular septum into the left ventricular cavity, first seen at surgery by Harken,"4 has been qualitatively observed in this study. This abnormal septal motion can explain diminished end-diastolic volume of the left ventricle and may result in a decreased diastolic distensibility of this ventricle. In addition, during systole the upper portion of the interventricular septum acts in effect as a dyskinetic segment and surely must diminish the capacity of the left ventricle to increase its output. Left and right ventricular function would, therefore, appear to be interdependent, since volume loading of the right ventricle appears to cause a distortion of the normal geometric configuration of the left ventricle. During this study no attempt was made to compare the relative volume load on the right ventricle in patients with atrial septal defect and those with isolated right ventricular volume overload caused by tricuspid insufficiency or pulmonary insufficiency. The greatest distortion in septal shape and left ventricular configuration, however, was observed in the latter group. It may well be that the free communication between the atria and ventricles during diastole in patients with atrial septal defect helps protect the left ventricle somewhat from this change in configuration by equalizing the filling pressures of the two ventricles in large atrial septal defects and maintaining the normal slight increase in left ventricular filling pressure in patients with smaller defects. In contrast, in patients with a pure volume overload of the right side the entire volume burden must be borne by the right ventricle and appears to occur to a greater degree at the expense of the left ventricle.
It is conceivable that changes in ventricular shape from circular to oblique could be produced by rotation of the ventricle between systole and diastole such that the plane of the transducer is parallel to the short axis of the ventricle during systole but not during diastole. There does not, however, appear to be any way in which inversion of the septum during diastole could occur as a result of a technical artifact. Thus, the changes observed in this study do not appear to result from cardiac rotation, but rather from an actual change in shape of the interventricular septum and left ventricle during diastole.
This study, therefore, helps to explain the mechanism of paradoxical motion of the interventricular septum in patients with right ventricular volume overload and further clarifies and integrates a number of the earlier echocardiographic and hemodynamic observations in this entity.
